Activation of N-methyl-D-aspartate subtype glutamate receptors (NMDARs) is required for long-term potentiation (LTP) and long-term depression (LTD) of excitatory synaptic transmission at hippocampal CA1 synapses, the proposed cellular substrates of learning and memory. However, little is known about how activation of NMDARs leads to these two opposing forms of synaptic plasticity. Using hippocampal slice preparations, we showed that selectively blocking NMDARs that contain the NR2B subunit abolishes the induction of LTD but not LTP. In contrast, preferential inhibition of NR2A-containing NMDARs prevents the induction of LTP without affecting LTD production. These results demonstrate that distinct NMDAR subunits are critical factors that determine the polarity of synaptic plasticity.
Introduction
While the Schaffer collateral-CA1 synapses hippocampus are the best understood models of synaptic plasticity, little is known about the exact mechanisms responsible for inducing LTP and LTD or how the same molecular machinery is capable of generating two opposing forms of synaptic plasticity. The suggests LTP and LTD are differentially induced based on the amount of NMDAR activation differential threshold theory and the degree of charge transfer and calcium influx through the postsynaptic cell. Others have suggested that different kinds of NMDARs composed of either NR2A or NR2B subunits mediate different forms of synaptic plasticity. This is in light of the distinct kinetic and intracellular protein-binding characteristics of these subunits, as well as their unique distributions along the postsynaptic membrane.
Through this study, Liu et al. seek to answer the following question:
Given the unique gating and pharmacological properties of NR2A and NR2B subunits as well as their distinct coupling to different second messenger signaling pathways, how do these different NR2 subunits mediate the direction of synaptic plasticity?
They hypothesize -without referencing any specific details about the kinetic properties or signaling pathways to which they briefly refer -that activation of distinct NR2 NMDARs would determine the direction of synaptic plasticity. This study serves as an example of the many which gave light to the , which appropriates a specific NMDAR NR2 subtype to a specific form of synaptic plasticity. Subunit-specificity Theory
, NR2B antagonist ifenprodil 0.5 M and 50 M , NMDAR antagonist AP5 fEPSP Recordings fEPSP recordings were performed using hippocampal slices from 3-4 week old rats. Slices were perfused with a bicuculline-containing ACSF solution in order to block GABA-mediated currents. Baseline fEPSP measures were obtained by stimulating Schaffer collaterals using 0.05 Hz current pulses and by recording from the CA1 region. After reaching a stable baseline measure, LTD was induced by administering 900 current pulses at 1 Hz or LTP was induced by administering 100 pulses at 100 Hz. Antagonists were present in ACSF solution before, during, after LTD/LTP induction.
Whole-cell EPSC Recordings
Whole-cell recordings were performed on CA1 neurons from rat hippocampal slices. To measure NMDAR-mediated EPSCs, cells were voltage clamped at -60 mV and perfused with Mg+2 free ACSF solution containing bicuculline and the AMPA antagonist DNQX. After obtaining baseline measures, LTP was induced by applying 200 current pulses at 2 Hz and holding the cell at -5 mV or LTD was induced by applying 300 pulses at 1 Hz and holding the cell at -45 mV. Whole-cell measures following LTP/LTD induction were done at a holding potential of -60 mV.
Results

Figure 1.
The ability to induce LTD by LFS and LTP by HFS in hippocampal CA1 synapses was first tested in the presence of two different NR2B antagonists using fEPSP recordings. shows how administration of Ro25-6981 and A ifenprodil prevented LTD induction. LTD by three episodes of LFS was also blocked by Ro25-6981, as seen in . However, neither of these antagonists B had an effect on LTP, shown in . C Based on these results, the authors conclude that NR2B subunits Implication: are required for LTD, yet have no role in LTP induction.
Figure 2.
LTP tends to be more sensitive than LTD to low-dose applications of NMDAR antagonists. This lends credibility to the fact that the impairment of LTD seen after NR2B antagonization is because of a specific role played by NR2B receptors in LTD induction and not because of generalized NMDAR inhibition. In order to verify this, the effect of low concentrations of APV on LTP and LTP was tested. compares the EPSC inhibition caused by different NMDAR and A NR2B antagonists. Although APV inhibited EPSCs to the same degree as Ro and ifenprodil, low concentrations of APV blocked LTP while having no effect on LTD, shown in and . B C Results in Figure 1 were not due to general NMDAR blockade, but Implication: rather to the direct antagonization of NR2B subunits. The ability to induce LTD and LTP was then tested in the presence of NVPAAM077, an NR2A antagonist, using fEPSP recordings. and illustrate A B how application of NVP blocked LTP induced by one and three HFS episodes, respectively. However, NR2A antagonization had no effect on LTD, shown in . C NR2A subunits are reuiqred for LTP, yet have no role in LTD Implication: induction.
Figure 4.
Finally, the effects of NR2A and NR2B antagonists on LTD and LTP induction through paired stimulation/ postsynaptic depolarization were measured using whole-cell EPSC recordings. This was done to ensure the previous results were not dependent on the method of LTD/LTP induction. and show how A B both Ro and ifenprodil prevented LTD while having no effect on LTP. and C D show how NVP had no effect on LTD, yet how in addition to abolishing LTP, NR2A antagonization under the induction protocol used here actually led to LTD induction. This verifies that the effects on LTD and LTP resulted from blockade of specific receptor subunits and not experimental induction methods.
The authors interpret this to assert the validity of their previous Implication: results -that NR2A NMDARs mediate LTP while NR2B NMDARs mediate LTD.
Discussion
Liu et al. conclude:
NR2A subunits are necessary for LTP induction yet have little to no effect on LTD, while NR2B subunits are necessary for LTD induction yet have little to no effect on LTP.
When using a LFS pairing protocol to induce LTP in the presence of NVP, Liu et al. note that LTP induction was not only abolished, but converted to LTD ( ). Interestingly, this did not occur when they attempted to induce LTP using HFS following application of NVP ( ). In their Fig 4  Fig 3  analysis , Liu et al. discuss the possibility that when NR2A NMDARs are blocked, receptor activation using long LTP-induction protocols could "unmask" NR2B NMDAR-mediated LTD. To support this hypothesis, they refer to studies where a low concentration of APV was similarly shown to convert fEPSP LTP into LTD when an extended stimulation protocol was used. While this theory is in line with the distinct activation properties of NR2A and NR2B NMDARs -optimal charge transfer is achieved through HFS for NR2A NMDARs and through LFS for NR2B NMDARs -it is simplistic and too assuming.
Liu et al. hold fast to the absolute requirement for NR2A NMDAR activation in LTP induction and are mildly dismissive of the possibility that NR2B subunits may play a role in LTP induction. They attribute the results of studies where overexpression of NR2B in the mouse forebrain led to an enhancement of LTP to a general increase in NMDARs, and do not attempt to make sense of their conclusions in light of other studies where the necessity of NR2B for LTD has been disputed. In addition to this, they emphasize the validity of their findings by referencing the unique kinetic of the different NR2 subunits, yet do not give specific details as to how these properties are related to LTP or LTD induction or address properties the specific binding properties of these receptor subunits. Foster et al. (2010) , on the other hand, greatly emphasize the importance of these unique binding properties and are able to demonstrate the necessity of the NR2B C-terminal tail, which is involved in CaMKII binding, in LTP induction. Liu's results could be partially explained by the fact that use of subunit antagonists prevents the transfer of charge through receptor channels without interfering with these subunits' intracellular . It is possible that because NR2B C-terminal tails were still present despite NR2B NMDAR antagonization, sufficient charge transfer protein tails through NR2A NMDARs enabled LTP induction. Thus, Liu et al. may not have necessarily demonstrated that NR2B subunits play no role in LTP.
However, this is not to say the activation properties of these subunits are of no relevance -LTP and LTD induction do require differential patterns of presynaptic stimulation and postsynaptic charge transfer, as Liu et al. assert by citing how AP5 application can convert LTP into LTD. Perhaps then the inability to induce LTP following application of NR2A antagonists despite the presence of NR2B C-terminal tails can be explained by insufficient charge transfer, especially as NR2A NMDARs mediate a large fraction of the postsynaptic current under HFS.
It is also interesting to note how the results of this study dramatically differ from those of even though both use (for the Berberich et al. (2007) Overall, this study serves as an excellent example of how conflicts caused by gaps in knowledge and limited technology have interfered in the analysis of how NR2 subunits mediate synaptic plasticity. The issue regarding the role of specific subunits in LTP and LTD induction is not a simple one -as current research shows, there are many factors that come into play not only in the determination of the direction of plasticity in individual synapses, but also in the regulation of synaptic plasticity throughout the brain as a whole.
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